Native and recombined lipoproteins have been studied by 31p nuclear magnetic resonance spectroscopy. Very low-, low-, and high-density lipoproteins exhibited characteristic spectra. The main resonances were assigned to phosphatidylcholine and sphingomyelin. Relaxation times for these phospholipids were separately measured in low-density lipoproteins and high-density lipo-proteins. The effect of paramagnetic ions (Eu+++) on the nuclear magnetic resonance spectrum of high-density lipoproteins is reported.
The use of nuclear magnetic resonance (NMR) has emerged as a useful tool for examining lipid-lipid and lipid-protein interactions. Recently, human serum lipoproteins have been examined by proton and '3C NMR spectroscopy (1) (2) (3) (4) (5) (6) . To date, however, a1p studies of human lipoproteins have not been reported. Different groups of phospholipids, each defined according to their polar head group moiety, are present to a different extent in lipoprotein classes. 31P nuclear magnetic resonance spectroscopy might contribute to the understanding of the arrangement and spatial organization of the molecules within these particles. The purpose of this study was to provide data on the 31P NMR spectra (Fourier transform technique) of human very low-density lipoproteins (VLDL), lowdensity lipoproteins (LDL), high-density lipoproteins (HDL) and in vitro reconstituted lipoproteins. Various resonances have been assigned to the appropriate P atoms, and spin lattice relaxation times (T1) of phosphatidylcholine and sphingomyelin in LDL and HDL have been separately measured. The effect of paramagnetic ions (Eu+++) on the NMR spectrum of HDL is reported. MATERIALS The concentration of some preparations was increased by ultrafiltration to a maximum of 5-10 mg of protein per ml. Prior to NMR analysis, samples were dialyzed against 0.05 M NH4HCO3 in D20, pD 8.6. HDL was delipidated with chloroform-methanol as previously described (7). ApoA-II, one of the major peptides of HDL, was isolated according to Shore and Shore (8) . ApoHDL or apoA-II were solubilized in 0.1 M NH4HCO3 buffer, pH 8.6, and used in a concentration of 5 mg/ml for recombination experiments.
Lipoprotein Phospholipid Analysis. Phosphorus in LDL and HDL and recombined lipoproteins was determined on the total lipid extract by the technique of Bartlett (10) . The relative amounts of phosphatidylcholine and sphingomyelin were determined in duplicate on a separate aliquot of the original total lipid extract by two dimensional thin-layer chromatography on plates of silica gel F-254 using chloroform-methanol-ammonium hydroxide-water, 180:105:75: 7.5, in the first dimension and chloroform-methanol-am- monium hydroxide-water, 120:160:5.5, in the second dimension (11) . To visualize the lipids, the plates were stained with iodine vapor; appropriate sectors were scraped off, eluted with chloroform-methanol-water, 100:50:10, and phosphorus determined.
Glycerophosphate Esters. Diacyl phosphoglycerides (phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and phosphatidylinositol) were selectively hydrolyzed using methanolic sodium hydroxide which preferentially removes the fatty acids, and leaves the phosphate ester linkages intact (12) . The resulting sodium salts of the phosphodiesters were passed through a column of Dowex 50 hydrogen ionexchange resin using deionized water. The aqueous glycerophosphate ester solutions recovered from the resin were concentrated by lyophilization. The glycerophosphate esters were analyzed as their trimethylsilyl (TMS) derivatives using the direct inlet systems of an LKB 9000 mass spectrometer (13) . Sphingosinephosphorylcholine was obtained by acid hydrolysis of sphingomyelin as described earlier (14) . Sphingosine bases Spin lattice relaxation times (T1) were obtained for native HDL (Fig. 3, Table 1 ). Systematic determinations of Ti's obtained by comparing sonicated lipid vesicles and recombined lipid-protein systems, will be reported elsewhere (20) .
Half band width (v,/,) measurements on sonicated lipids versus native HDL, and recombined lipid-apoprotein systems suggested that protein binding is concomitant with narrower phosphorus resonances. One interpretation of this might be that the protein has preference for vesicles of specific diameter. This concept was supported by the uniform particle size of the recombined lipoprotein systems studied (9). Fig. 4 shows spectra of HDL to which increasing amounts of Eu+++ were added. The phosphorus peaks broadened and shifted with each increment of paramagnetic species added. No residual peak was observed at the original chemical shift, suggesting that all of the lipid was available for binding.
DISCUSSION
The structural organization and modes of interaction between the major lipid and protein components of the various lipoprotein classes obtained from human serum are poorly understood. Spectroscopic techniques, including optical rotary disperson (21) , circular dichrcism (22) (23) (24) (25) , nuclear magnetic resonance (1, 2) , electron spin resonance (26) (27) (28) (29) , infrared- (25, 30) and fluorescence (31) studies have been applied to native and reconstituted high-density lipoproteins and have provided valuable information on the conformation, environment, and interaction of individual components. The detailed description of the overall structure of HDL, however, has so far depended on electron microscopy and x-ray scattering studies. Unfortunately, these techniques have come to controversial conclusions. Based on electron microscopy data, a subunit structure of HDL, with an electron-dense central core surrounded by 4 to 5 subunits, each with its own complement of protein, phospholipid, and neutral lipids, has been proposed (32, 33) . On the other hand, data derived from x-ray techniques indicate that HDL has an organized symmetrical structure with a relatively electron-poor central (nonpolar) region and a relatively electron-rich (polar) outer-region (34) . Although there is suggestive evidence, primarily derived from enzymatic studies (35, 36) , that the majority of phospholipids are located on the surface of native HDL particles, firm conclusions could not be drawn. No information has thus far been obtained on the location of sphingomyelin, one of the most abundant phospholipids in HDL. We have demonstrated with 31P NMR spectroscopy that HDL and LDL exhibit spectra characterized by two major resonances, corresponding to PC (high-field signal) and SPM (low-field signal). The highfield resonance accounted for 80 and 60% of the total signal area, and the low-field resonance for 20 and 40%, in HDL and LDL, respectively. The ratios of the peak heights corresponded to the ratios of PC to SPM ascertained by chemical analysis. The assignment of the resonances was based on the spectroscopic behavior of PC and SPM, which were studied individually as sonicated vesicles or in recombination experiments with apolipoproteins. Thus, the relative ratio of PC and SPM, when recombined in different ratios with apoHDL, could be determined. Moreover, the clear separation of these resonances allowed the individual determination of Ti's.
It has been repeatedly demonstrated that paramagnetic ions (shift reagents) (37) permit differentiation of the internal and external surfaces of membranes without their impairment (38) (39) (40) . In aqueous PC dispersions containing paramagnetic ions, the N + (CH3)3 signal of the PC molecules in the lipid bilayer consists of two components. One component corresponds to internal PC molecules which are in contact with the ion free internal aqueous phase. The other component is shifted to a high field and corresponds to molecules at the external surface contact with the bulk salt solution (38) . A differential effect of Eu+++ on sonicated phosphatidvlglycerol (PG) and sonicated PC vesicles has been recently observed by phosphorus magnetic resonance spectroscopy cated PG dispersions did not significantly shift but rather broadened the phosphorus peak. This finding was attributed to the fact that Eu+++ binds more strongly to PG than PC. We have established that gradual increase of Eu+++ concentration in a solution of HDL results in both broadening and shifting of the phosphorus resonances. Because of the considerable broadening effect, SPM and PC phosphorus resonances are no longer separated above 0.5 mM Eu+++ concentration. Physical characteristics of HDL in the presence of the highest Eu+++ concentrations (1 mM) employed appear to be unchanged, as ascertained by ultracentrifugal flotation (1.063-1.21) and circular dichroism (9) , indicating that no significant structural perturbation of HDL had occurred. Since, as in the case of sonicated PC vesicles, no unshifted component corresponding to the original peak is left, we conclude that, essentially all phospholipid phosphorus is located at the outer surface of the HDL particles.
